Initial stages of organic film growth characterized by thermal desorption spectroscopy  by Winkler, Adolf
Surface Science 643 (2016) 124–137
Contents lists available at ScienceDirect
Surface Science
j ourna l homepage: www.e lsev ie r .com/ locate /suscInitial stages of organic ﬁlm growth characterized by thermal
desorption spectroscopyAdolf Winkler
Institute of Solid State Physics, Graz University of Technology, Petersgasse 16, A-8010 Graz, Austriahttp://dx.doi.org/10.1016/j.susc.2015.06.022
0039-6028/© 2015 The Author. Published by Elsevier B.Va b s t r a c ta r t i c l e i n f oAvailable online 2 July 2015Keywords:
Organic molecules
Thin ﬁlms
Thermal desorption spectroscopy
WettingIn the wake of the increasing importance of organic electronics, a more in-depth understanding of the early
stages of organic ﬁlm growth is indispensable. In this review a survey of several rod-like and plate-like organic
molecules (p-quaterphenyl, p-sexiphenyl, hexaazatriphenylene–hexacarbonitrile (HATCN), rubicene, indigo)
deposited on various application relevant substrates (gold, silver, mica, silicon dioxide) is given. The focus is
particularly put on the application of thermal desorption spectroscopy to shed light on the kinetics and ener-
getics of the molecule–substrate interaction. While each adsorption system reveals a manifold of features that
are speciﬁc for the individual system, one can draw some general statements on the early stages of organic ﬁlm
formation from the available datasets. Among the important issues in this context is the formation of wetting
layers and the dewetting as a function of the substrate surface conditions, organic ﬁlm thickness and
temperature.
© 2015 The Author. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
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Organic thin ﬁlms have attracted considerable interest in the recent
years. One of the driving forces for this interest is the promising applica-
tion of organic electronics. In fact enormous progress has been made in
the development of organic electronic devices, e.g. for displays, sensors,
and solar cells [1–3]. While for many applications polymeric ﬁlms, fab-
ricated by solution-processing, are used [4], crystalline organic ﬁlms
prepared bymolecular beamdeposition become increasingly attractive.
There exist a number of review articles covering themany aspects of or-
ganic thin ﬁlm preparation [5,6], characterization [7] and application
[8–10]. In this article I will focus on the kinetics and energetics of the
early stages of organic ﬁlm formation. I will demonstrate that thermal
desorption spectroscopy (TDS) is a very simple, but powerful experi-
mental technique to get insightful information in this context.
Questions as to the thermal stability, sticking coefﬁcient, molecule
decomposition, wetting layers, dewetting processes, etc. will be
addressed. In order to get a more comprehensive understanding we
have applied additional experimental techniques, namely in-situ X-ray
photoelectron spectroscopy (XPS), low energy electron diffraction
(LEED) and work function measurements, as well as ex-situ atomic
force microscopy (AFM) and X-ray diffraction (XRD). I will, exemplary,
discuss in this review article the adsorption, desorption and ﬁlm forma-
tion of rod-like organic molecules (quaterphenyl, sexiphenyl) as well as
of plate-like molecules (HATCN, rubicene, indigo) on application rele-
vant substrates (gold, silver, mica, silicon dioxide).. This is an open access article under2. Experimental
Since in this review I will particularly focus on thermal desorption
spectroscopy as a powerful analytical method to characterize organic
ﬁlm growth, I will ﬁrst make some comments on the most relevant
experimental details in this context. For TDS we have used two dif-
ferent quadrupole mass spectrometers (QMSs) allowing measure-
ments up to 200 amu, and 500 amu. In some cases we have
measured the intact molecule, but in most cases we have tuned the
QMS to some particular cracking masses, which typically give a
much higher signal intensity. Nevertheless, we have checked in all
cases that the different cracking mass signals as obtained by
multiplexing showed the same peak shapes. Any inconsistencies in
this behavior would hint to some decomposition/reaction on the sur-
face. Since all the investigated molecules are condensable at room
temperature, the desorbing particles can only be detected with a
QMS in an in-line conﬁguration. Since for condensable gases the
pumping speed is practically inﬁnite, the detected signal is perfectly
proportional to the desorption ﬂux [11]. A possible inﬂuence of
unknown angular and energy distributions of the desorbing particles
was not taken into account. However, in contrast to associative
desorption (as in the case of hydrogen [12]) where existing activa-
tion barriers for adsorption might signiﬁcantly lead to deviations
from cosine angular and thermal energy distributions, we believe
that for the organic molecules used these inﬂuences are of minor
importance.the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Fig. 2. Real space representation of the saturated 4P monolayer surface unit cell on a
Au(111) surface. Two different possible epitaxial arrangements of the 4P molecules rela-
tive to the Au surface atoms are shown. (Reprinted with permission from Ref. [13,15]).
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Para-quaterphenyl (C24H18, m= 306 amu, density ρ= 1.25 g/cm3)
is a rod-likemolecule with a Van derWaals length of 2.0 nm (see insert
in Fig. 1). Quaterphenyl (4P) is an ideal candidate to study the essential
growth features of oligo-phenylenes on application relevant substrates
like gold, which is frequently used as contact material in organic elec-
tronics. It turns out that clean gold surfaces are rather reactive com-
pared to the commonly used silicon dioxide, which often serves as
dielectric gate material. Quantitative TDS reveals that 4P ﬁrst forms a
strongly bound monolayer of ﬂat lying molecules (wetting layer) on
Au(111), above which a less strongly bound multilayer develops [13].
This is shown in Fig. 1.
It can immediately be seen that two distinct peaks (ß1, ß2) saturate
before the multilayer peak develops, which does not saturate with in-
creasing coverage. The saturation coverage of the ß1 peak corresponds
to 0.15 nm and that of the (ß1 + ß2) peaks to 0. 28 nmmean thickness,
as determined for the deposited material by a quartz microbalance.
Since the Van der Waals thickness of oligo-phenylenes is about 0.
35 nm [14], this is a strong indication that the 4P molecules in the
monolayer are lying ﬂat on the surface. The peak shift of the desorption
peaks ß1 and ß2 to lower temperature with increasing coverage hints at
repulsive interactions between the adsorbedmolecules. This is corrobo-
rated by LEED investigations. For the ß1 state a well pronounced LEED
pattern can be observed which allows a calculation of the oblique sur-
face unit cell of the 4P overlayer with the vector lengths a = 1.44 nm,
b = 2.38 nm and a cell vector angle γ of 63° [13]. Comparing this with
the Van derWaals dimensions of the 4P molecules with 2.04 nm length
and 0.67 nm width shows that a regular layer is formed in which the
molecules are much further apart than the Van der Waals dimensions
would allow. The reason for this is that the adsorbedmolecules possess
a dipole normal to the substrate due to some charge displacement,
which results in repulsive forces between the adsorbed molecules.
With further increasing coverage the molecules squeeze between the
already adsorbedmolecules, but due to limited space themolecules be-
come side tilted. Again a well pronounced LEED pattern is observed
after saturation of the ß2 peak with a unit cell of a = 1.1 nm, b =
2.2 nm and γ= 74° (Fig. 2) [15]. Apparently, the unit cell of the full
monolayer, which now contains two molecules, is smaller than that of
the semi-layer, due to the attractive quadrupole forces between the
ﬂat and side tilted molecules. This epitaxial monolayer acts as a pre-
stage for further ﬁlm growth, resulting in elongated crystalline islands
with the 4P(211) plane being parallel to the Au(111) plane. The side
tilting of themolecule in the second semi-layerwas additionally veriﬁed
by NEXAFS investigations [16].Fig. 1. Series of TD spectra of 4P on Au(111) for different initial coverages (a) 0.02 nm–
(g) 0.5 nm, adsorbed at 93 K.Heating rate: 1 K/s. The fullmassm=306 amuwasdetected.
The multilayer peak is denoted asα. The monolayer is composed of two states which sat-
urate at amean thickness of 0.15 nm(trace (c) denoted ß1) and 0.28nm(trace (f) denoted
ß2), respectively. Chemical structure shown in the insert. (Adapted with permission from
Ref. [13]).Thermal desorption spectroscopy should in principle allow the de-
termination of desorption energies and frequency factors for the indi-
vidual monolayer states, based on the Polanyi–Wigner equation
(Eq. (1)) [11], as described in detail in many review articles, e.g. by
Dietrich Menzel [17], Dave King [18] and many others:
Rdes ¼−
dN
dt
¼− dN
dT
β ¼ ν  Nx  exp −Edes Θð Þ=kTð Þ ð1Þ
Here is Rdes: desorption rate, β: heating rate, ν: frequency factor, N:
number of molecules per square unit, x: desorption order, Edes:
desorption energy, Θ: coverage, T: surface temperature, k: Boltzmann's
constant. However, for large organic molecules with many degrees of
freedom in the adsorbed state and with lateral interactions between
the adsorbed molecules this is not a trivial task [19]. Nevertheless, we
have tried to apply the so called “complete evaluation method”
proposed by King [18] to the limited number of TD spectra in Fig. 1.
We get a desorption energy of 1.3±0.1 eV at small coverage, decreasing
to 0.6 eV ± 0.1 eV at 1 monolayer. For the multilayer state (α-peak),
which shows a clear zero-order desorption behavior (common leading
edge, Fig. 3), quantitative TDS enables calculation of both the desorptionFig. 3.Multilayer desorption spectra of 4P from Au(111) for mean thicknesses of 2 and
6 nm, respectively. The full mass m = 306 amu was detected. Adsorption temperature:
93 K, heating rate: 1 K/s. [20].
Fig. 4. Series of TD spectra of 6P on Au(111) for different initial coverages (a) 0.16 nm–
(g) 0.45 nm, adsorbed at 300 K. The cracking mass m = 61 amu was detected. Heating
rate: 1 K/s. Chemical structure shown in the insert. (Adapted with permission from
Ref. [27]).
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a semi-logarithmic plot of the desorption rate Rdes versus the reciprocal
temperature T the slope of the straight line yields Edes and the intercept
with the ordinate yields the logarithmic of the pre-exponential
factor ν · N0, with N0 being the (constant) surface density of the
multilayer ﬁlm. From Fig. 3 we obtain a desorption energy (heat of
evaporation) of 1.52 eV/molecule and a pre-exponential factor of
1.23 · 1035 cm−2 s−1. The surface density of the 4P(211) plane of the
multilayer has been determined to be 7.7 · 1013 cm−2, based on XRD
measurements [20], which in turn results in a frequency factor of
1.6 · 1021 s−1.
In a simple picture, the frequency factor ν can be correlatedwith the
attempt frequency of the adsorbed particles to overcome the adsorption
potential. In general, and in particular for molecules with a large num-
ber of atoms, this perception is not appropriate. The frequency factor ac-
tually takes the change of all translational and internal degrees of
freedom during desorption into account. As a result of transition state
theory (TST) considerations [17,21] the pre-exponential factor can be
described as:
ν ¼ kT
h
 
q⊕
q
ð2Þ
with h: Planck's constant, q: partition function of the adsorbed state, q⊕:
partition function of the transition state (without the loose vibrational
mode normal to the surface which leads to desorption). In the case of
non-activated adsorption, the transition state corresponds to the state
of the free molecule [22].
For atoms and small molecules the partition functions of the
adsorbed and transition state are similar and therefore ν ≈ kT/h ≈
1013 s−1, as frequently observed for typical desorption temperatures
between 300 K and 500 K. For large molecules, however, the partition
function of the free molecules is, due to the many rotational and vibra-
tional degrees of freedom, much larger than for the adsorbed molecule,
where only frustrated rotations and vibrations exist. Therefore, ν is in
this case typically many orders of magnitude larger than 1013 s−1 [23,
24]. Actually, even for the small molecule CO desorbing frommetal sur-
faces “unusually” large frequency factors were described in the litera-
ture (e.g. CO/Ru(001) [25], CO/Ni(111) [26]).
4. p-Sexiphenyl on Au(111)
Para-sexiphenyl (C36H26, m = 458 amu, density ρ= 1.29 g/cm3), a
rod-like organic molecule with a Van der Waals length of 2.9 nm,
shows similarities to the adsorption and desorption kinetics of
quaterphenyl, but also exhibits signiﬁcant differences. These differences
can be attributed to the increased number of carbon atoms in the mol-
ecule, resulting in a stronger bonding to the substrate (increased de-
sorption temperature) and consequently in a decreased surface
mobility, an increased cracking probability on the surface and the for-
mation of a second monolayer. Some of these new features can be
seen in Fig. 4, displaying a set of desorption spectra for sexiphenyl
(6P) on Au(111) up to a mean thickness of 0.45 nm [27]. Again, we ob-
serve twohalf-monolayer peaks, denoted ß1 and ß2,which again showa
peak shift to lower temperature with increasing coverage, indicative of
repulsive interactions between the adsorbed molecules. Reasoning be-
hind that is equivalent to that as described for the 4P molecules. LEED
experiments have also shown that the ß1 and ß2 peaks are correlated
with ﬂat lying and side tilted molecules, respectively. With further cov-
erage increase a new sharp desorption peak appears (denoted ß3),
which could be interpreted as a beginning of themultilayer peak. How-
ever, further increase of the coverage reveals that this peak again satu-
rates and a new desorption peak at even lower temperature starts to
grow, which does not saturate (α-peak), as shown in Fig. 5.
The ß3 peak saturates at about 0.7 nm,which corresponds roughly to
two layers of ﬂat lying 6P molecules. Thus, we can draw the conclusionthat a second layer of ﬂat lying molecules adsorbs on top of the ﬁrst,
more strongly bonded monolayer, above which elongated multilayer
islands grow, as shown by AFM measurements [28]. The ß3-peak is
very narrow and resembles a zero-order desorption characteristic. A
possible explanation for such desorption behavior could be the coexis-
tence of 2D islands in the second layer being in equilibrium with a 2D
gas phase, where desorption is equally possible fromboth states, as sug-
gested by Opila and Gomer [29]. This interpretation is further supported
by the fact, that the second 6P layer produces only a single peak com-
pared to the two distinctive peaks in the ﬁrst monolayer.
From the multilayer peak, which again shows a common leading
edge, we have calculated the desorption energy Edes = 2.4 eV and the
frequency factor ν= 5.6 · 1025 s−1. For this analysis a constant surface
coverage of 5.4 · 1013 molecules/cm2 was used, which was calculated
from the molecule density in the 6P(21-3) plane, that lies parallel to
the substrate surface, as determined by XRD measurements on a
30 nm thick 6P ﬁlm on Au(111) [30]. If we compare the desorption en-
ergies for multilayer desorption (heat of evaporation) (1.52 eV for 4P
and 2.4 eV for 6P) we see a nearly perfect linear relationship between
the heat of evaporation and the number of carbon atoms in the individ-
ualmolecules, resulting in a share of about 65meV per C-atom. One can
speculate that a similar relationship should exist for the single nP mol-
ecules adsorbed on the Au(111) plane. For this discussion we compare
the desorption peak temperatures by extrapolating the ß1 peaks in
Figs. 1 and 4, respectively, to zero coverage yielding Tp≈ 560 K for 4P
and Tp ≈ 680 K for 6P. One could use the Redhead equation for
ﬁrst-order desorption, which relates the peak maximum to the
desorption energy [11]: Edes [cal/mol] ≈ (ln(ν · Tp) − 3.64) · RTp,
with R = 2 cal/(mol·K), for heating rate 1 K/s. Unfortunately, using
this equation requires the knowledge of the frequency factors, which
are not known in our case. However, one can make an estimate of the
necessary ratio of ν(6P)/ν(4P) in order to fulﬁll the assumption that
the contribution of a single C-atom to the binding is the same for 6P
and 4P. It turns out that this ratio is approximately 104. Interestingly,
the ratio of the frequency factors for multilayer desorption
(5.6 · 1025 s−1 for 6P, 1.6 · 1021 s−1 for 4P) is of the same order.
Which information can we get from these results? As mentioned
above, the frequency factor is related to the ratio of the partition func-
tions in the free state and the adsorbed state. The lower the partition
function in the adsorbed state (i.e. the less mobile the molecules are)
the larger is the frequency factor. The above result indicates that the
6P molecules at low coverage are much less mobile on the Au(111)
plane than the 4P molecules, which is exactly what we have expected
Fig. 5. Series of TD spectra of 6P on Au(111) for coverages between 0.45 nm and 1.1 nm
mean thickness, adsorbed at 300 K. The crackingmassm=61 amuwas detected. Heating
rate: 1 K/s. (Reprinted with permission from Ref. [27]).
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(Van der Waals) bonding.
Next we will address another feature of 6P adsorption which is
closely related to the stronger bonding for the larger molecule. A closer
inspection of Fig. 4 shows immediately that the desorption trace after
deposition of 0.16 nm mean thickness is much smaller than expected,
indicating that some adsorbed material does not desorb during sample
heating. In Fig. 6 we have plotted the amount of desorbed material ver-
sus the exposed amount for 6P on Au(111), as determined by a quartz
microbalance, together with the results for some other systems. It
shows that, at least for higher coverages, about 0.2 nmmean thickness
of 6P (about ½monolayer, i.e. the ﬂat lying molecules) does not desorb
during heating. This compilation also shows impressively the inﬂuence
ofmolecule size and substratematerial on the decomposition of nPmol-
ecules. While the decomposition for 6P on the Au(111) surface is con-
siderable, nearly no decomposition takes place for the smaller 4P
molecule. On the other hand 4P on a stepped gold surface Au(433)
and also on a polycrystalline gold foil shows already some decomposi-
tion of about 0.1 nmmean thickness. Moreover, 6P on a polycrystalline
gold foil decomposes severely. The amount of 0.3 nm indicates thatFig. 6. Compilation of TD data showing the desorbed vs. adsorbed amount of nP from
different Au surfaces. The gray lines represent linear ﬁts to the individual data sets.
(Reprinted with permission from Ref. [32]).practically the full ﬁrst layer, composed of ﬂat lying and side tilted mol-
ecules, decomposes during heating.
In the followingwe address the question atwhich substrate temper-
ature this decomposition takes place and of which type the remaining
species are. For this purpose we have tuned our mass spectrometer
not only to a single cracking mass of 6P (typically mass 61 amu) but
also to other possible cracking products, in particular hydrogen. In
Fig. 7we can clearly see that after deposition of 0.2 nmof 6P on a sputter
cleaned Au(111) substrate (trace #1) not only 6P desorbs but also a cer-
tain amount of hydrogen. The desorption of hydrogen starts immediate-
ly after 6P desorption and at least two hydrogen desorption peaks can
be observed. A subsequentAuger analysis clearly shows carbon contam-
ination on the gold substrate. If we deposit again 0.2 nm 6P on this par-
tially carbon covered Au surface signiﬁcantly more 6P desorbs and the
amount of desorbing hydrogen decreases. After several adsorption/
desorption cycles a carbon saturation layer is formed on which no
further 6P decomposition can take place.
The existence of at least two hydrogen desorption peaks suggests
that 6P decomposition does not take place in form of a single process.
Onehas rather to assume that, in addition to a partialﬁrst dehydrogena-
tion process, some more stable polycyclic aromatic hydrocarbons
(PAHs) are produced, e.g. by cyclo-dimerization, which then ﬁnally
decompose at higher temperature [31]. A proposed scenario for
such a dehydrogenation/cyclo-dimerization is shown in Fig. 8 for
quaterphenyl, which showed similar cracking features as for sexiphenyl
[32]. We could indeed demonstrate by LEED that after heating the sam-
ple to a temperature above the ﬁrst hydrogen desorption peak a 6-fold
diffraction pattern was observable, which ﬁtted quite well to a regular
structure of such PAHs. However, the very broad diffraction spots indi-
cated that the regular domains composed of the PAHs are quite small
(3–4 nm in diameter) [27].
5. p-sexiphenyl on mica (001)
Mica is a frequently used substrate for investigating adsorption and
initial ﬁlm growth of organic molecules. The reason behind that is that
one can easily prepare well-deﬁned single crystal surfaces by just cleav-
ing mica foils and immediately install those “freshly cleaved” samples
into a vacuum chamber. Contrary to metal surfaces, which would of
course immediately contaminate in air, mica surfaces remain more or
less unchanged for some time after the cleaving procedure. Another ad-
vantage of mica is that one can signiﬁcantly change the adsorption and
growth behavior bymodifying the surface either via carbon contamina-
tion or via sputtering. The deposition of 6P on freshly cleaved mica
yields very long needle-like islands [33,34]. Such nanostructures are
suggested to be applicable for nano-optic devices [35]. One of the ques-
tions as discussed at that timewas related to a possible wetting layer in
between the needle-like islands. In Fig. 9a a series of TD spectra is
depicted for different coverages up to 0.6 nm mean thickness, while
an AFM image of a 1 nm thick ﬁlm is shown in Fig. 9b [36].
One can clearly see the development and saturation of a monolayer
peak (ß) followed by amultilayer peak (α) at higher coverages. There is
only a single monolayer peak present with a saturation of around
0.2 nm. Unfortunately, no reliable LEED investigations of the 6P mono-
layer on mica(001) exist. Additionally, the crystallographic orientation
of the multilayer needles was examined by XRD [37]. It was found
that the 6P(11-1) and 6P(11-2) crystallographic planes are aligned par-
allel to the mica(001) substrate for certain ﬁlm preparation tempera-
tures. In both cases the 6P molecules within those planes are nearly
parallel to the mica surface. Furthermore, the needles are azimuthal
aligned due to epitaxial ordering. The needle direction is close to the
[110] direction of the mica (001) surface.
The reason for the ﬂat lying molecules in the monolayer and the
alignment of the needle like islands, in which the molecules are again
oriented nearly parallel to the substrate, can be found in the very
speciﬁc nature of the mica (001) surface. Mica is a silicate mineral
Fig. 7.Desorption spectra of 6P (m=61 amu) (a) andH2 (m=2 amu) (b) obtained fromAu(111), startingwith an initially clean surface, after deposition of 0.2 nm6P at 300 K (trace #1),
followed by further adsorption/desorption cycles with the same deposited amount (trace #2–#5). No substrate cleaning between cycles was performed (Reprintedwith permission from
Ref. [27]).
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and OH, which cleaves along the basal plane by exposing half a mono-
layer of K atoms. The K atoms are positively charged and this charge is
balanced by a negative charge in a deeper layer, where some of the pos-
itively charged Si4+ are substituted by Al3+ ions. This leads to a dipole
ﬁeld with a component parallel to the surface [38]. It is postulated
that this is themain reason for the strong alignment of elongated organ-
icmolecules onmica(001) [39]. If this is indeed the case, then a destruc-
tion of this dipole ﬁeld by a change of either the surface chemistry or the
surface structure, should severely inﬂuence the layer growth of 6P. This
was observed indeed and will be described in the following.
A freshly cleavedmica surface, even after being installed immediate-
ly into the UHV chamber, is not perfectly clean. XPS shows carbon con-
tamination which we have estimated to be about ½ monolayer.
Nevertheless, on such a surface a clear 6P wetting is observed and
needle-like island formation takes place. However, when we increase
the carbon coverage beyond this initial value the wetting layer fades
away. This is shown in Fig. 10a for various C-coverages between ½
and 1 monolayer. The increased C contamination was produced by de-
positing a thick layer of 6P (N10 nm) at 100 K onto the mica surface
and subsequently exposing it to the MgKα radiation of an X-ray gun. A
TD-ﬂash was used to get rid of the remaining 6P, but additional carbon
accumulation was observed on the surface. With this method we could
increase the C content up to 1monolayer, for which no 6Pwetting layerFig. 8. Proposed scenario for dehydrogenation/cyclo-dimerization of quaterphenyl.
(Reprinted with permission from Ref. [32]).could be seen anymore. The AFM image of such a 6P ﬁlm shows a dra-
matic change of ﬁlm morphology (Fig. 10b). Instead of needle-like
islands, more or less circular islands have developed with a height ofFig. 9. (a) TDS series of 6P grown on air cleaved mica(001) at 300 K. Heating rate: 1 K/s.
The monolayer and multilayer desorption peaks are denoted ß and α, respectively.
(b) AFM image of a 1 nm thick 6P ﬁlm on air cleaved mica(001). (Reproduced with per-
mission from Ref. [36]).
Fig. 10. (a) TDS series of 0.35 nm 6P grown on partially C covered mica(001) at 300 K.
Heating rate: 1 K/s. The monolayer and multilayer desorption peaks are denoted ß and
α, respectively. (b) AFM image of a 1 nm thick 6Pﬁlmonmica(001) coveredwith 1mono-
layer of carbon. (Reproduced with permission from Ref. [36]).
Fig. 11. (a) TDS series of 0.4 nm 6P grown on mica(001) at 300 K after different sputter
times. Heating rate: 1 K/s. (b) AFM image of a 1 nm thick 6P ﬁlm grown on mica(001)
after 245 s sputter time. (Reproduced with permission from Ref. [36]).
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ing 6Pmolecules. Inmost cases already a second layer started to formon
the ﬁrst layer, which is likewise composed of standing molecules.
Apparently, no wetting layer exists between the islands.
A very similar result is obtained when destroying the regular ar-
rangement of the surface atomsby gentle sputteringwith Ar+ ions. Typ-
ically, we used a beamenergy of 500 eV.With the help of Auger electron
spectroscopywewere not able to observe signiﬁcant changes of the sur-
face composition, thus we conclude that the changes in 6P ﬁlm forma-
tion, caused by sputtering, are rather a result of structural changes of
the surface. This was supported by LEED investigations, which showed
the disappearance of the regular LEED pattern upon sputtering. The in-
ﬂuence of sputtering on the wetting layer is demonstrated in Fig. 11a,
while the corresponding morphology of the 6P ﬁlm is shown in
Fig. 11b. The inﬂuence of sputtering on the wetting layer is similar to
that of carbon contamination. However, there is a slight difference in
the ﬁlm morphology, as shown in the AFM image (Fig. 11b). For that
case the formation of a second layer is not yet observed, although the
total coverage (1 nm) is the same as in Fig. 10b. This hints at a decreased
Ehrlich–Schwöbel barrier [40,41] for step-down diffusion of the 6P
monomers on the ﬁrst layer. However, the processes behind this differ-
ence are not clear until now.
6. HATCN on Au(111)
So far we have focused on the initial ﬁlm growth of rod-like organic
molecules on solid substrates. Another type of organicmolecules, whichalso exhibit promising features for the application in organic electronics,
are of plate-like character. We have focused on the growth behavior of
the discoid molecule hexaazatriphenylene–hexacarbonitrile (HATCN,
C18N12, m= 384 amu, density ρ= 1.6 g/cm3, Van der Waals diameter:
1.5 nm) on metal surfaces. It has been proposed that these molecules
could be used as buffer layers betweenmetal contacts andorganic semi-
conductors in organic devices [42]. Indeed, thesemolecules show a very
intriguing adsorption/desorption behavior, which can be best charac-
terized by TDS [43]. Fig. 12 shows a series of desorption spectra for
HATCN on Au(111), deposited at 200 K.
At coverages below one monolayer the desorption behavior is simi-
lar to that of 6P on Au(111).We observe two desorption peaks, denoted
ß1 and ß2, both shifting to lower temperature with increasing coverage,
due to repulsive dipole interaction. The saturation of these peaks at ap-
proximately 0.15 nm and 0.3 nm, respectively, demonstrates that the
molecules are again lying ﬂat on the surface. With further coverage in-
crease, a new peak (denoted γ-peak) appears at lower temperature,
which saturates at about 0.6 nm. This peak is a clear indication of a sec-
ond layer of ﬂat lyingmolecules. However, this adsorption state ismeta-
stable, since with further coverage increase the γ-peak starts to
decrease and a new peak at higher temperature develops. This peak
(denoted α) does not show saturation with further coverage increase
and can therefore be correlated with desorption from a multilayer.
The interesting feature is the full dewetting of the second layer, whereas
the ﬁrst layer is not involved at this stage. Actually, such rather unusual
desorption behavior has been observed already quite early for benzene
on Ru(001) by Polta and Thiel [44] and later by Jakob and Menzel [45],
who have discussed this phenomenon in detail. The reason for the
phase transition is most likely the increased interface energy between
Fig. 12. Series of thermal desorption spectra of HATCN on Au(111) as a function of cover-
age. Adsorption temperature: 200 K, heating rate: 1 K/s. The cracking mass m= 100 amu
was detected. The chemical structure of HATCN is shown in the insert. (Reproduced with
permission from Ref. [43]).
130 A. Winkler / Surface Science 643 (2016) 124–137the 2nd and 3rd layer. According to Szalay et al. [46] the HATCN mole-
cules avoid π–π stacking. The crystal packing of HATCN is instead dom-
inated by perpendicular CN–π interactions (T-stacking). Therefore,
small amounts of molecules in the 3rd layer act as nucleation centers
for the formation of three-dimensional islands. The binding energy of
the molecules in the ﬁrst layer is apparently strong enough that these
molecules do not contribute to dewetting.
However, a quite intriguing feature is observedwhen the coverage is
further increased (Fig. 13). While the multilayer α-peak increases, de-
sorption from the ß1 and ß2 monolayer peaks starts to decrease. We
could demonstrate by ex-situ AFM experiments that the decrease of
monolayer desorption roughly correlates with the surface area covered
by multilayer islands [43]. Thus, we conclude that the molecules in the
ﬁrst layer, when covered by islands, rearrange to the bulk structure,
from where they then desorb already at lower temperature compared
to that of the uncoveredmonolayer. Such an incorporation ofmolecules,
which are stable in the monolayer at high temperature, into a 3D phase
that desorbs at lower temperature has, to the best of our knowledge, not
been reported before.
The question now arises at which temperature the dewetting
process takes place. For this purpose, we have performed XPSFig. 13. Series of desorption spectra of HATCN on Au(111) for larger coverages. Tads =
200 K, heating rate: 1 K/s. The cracking mass m = 100 amu was detected. (Reproduced
with permission from Ref. [43]).measurements, where we followed the change of the Au4f core level
signal as a function of coverage and temperature. This is a suitable
method to investigate morphological changes in a ﬁlm, e.g. a transition
from a layer-like ﬁlm to an island-like ﬁlm. In Fig. 14 the Au4f7/2 inten-
sity vs. temperature is compiled for various initial HATCN coverages,
after ﬁlm formation at 200 K. For initial coverages up to 0.3 nm the
Au4f signal does not change up to 500 K above which the signal in-
creases due to desorption of the ß-states. For the 0.5 nm ﬁlm (trace
d) the sharp signal increase at 450 K corresponds to desorption from
the γ-state. For higher initial coverages (trace f–h) the XPS signal
shows a ﬁrst sharp increase already at about 350 Kwhere no desorption
takes place. This is a clear indication of amorphological transition froma
layer-like ﬁlm to a 3D island-like ﬁlm. We could prove this growth be-
havior also by AFM, where 2 nm thick HATCN ﬁlms on Au(111),
grown at 300 K, show a continuous ﬁlm, while comparable ﬁlms
grown at 400 K show a strong island-like ﬁlm morphology [43].
The evaluation of desorption energy and frequency factor for the
multilayer has been done as described before and yields Edes =
1.84 ± 0.1 eV and 1 × 1019± 1 s−1, respectively. For this system, we
have tried to determine these values also for the ß1 and γ peak, which
both exhibit a clearly deﬁned peak maximum for saturation of the
individual states. In this case, we have applied the evaluation method
proposed by Redhead, using the heating rate dependence of the desorp-
tion peak maximum. For a ﬁrst-order desorption process the following
relationship holds [11]:
Edes
RT2m
¼ ν
ß
exp
−Edes
RTm
 
ð3Þ
Here, ß is the heating rate and Tm the peak maximum. Therefore, a
plot of ln(ß/Tm2) vs. 1/Tm should result in a straight line where the
slope yields the desorption energy and the intercept with the y-axis
yields the pre-exponential factor. From a set of spectra for
heating rates between 0.3 K/s and 3 K/s we obtained the following
values: ß1-state: Edes = 1.7 ± 0.2 eV, ν = 1 · 1012± 2 s−1; γ-state:
Edes = 2.0± 0.2 eV, ν=1× 1021± 2 s−1. The error for this type of eval-
uation is by nature larger than for a leading edge evaluation of zero-
order desorption, due to the limited range of the heating rate variation.
Nevertheless, the result of this evaluation is very intriguing. The desorp-
tion energies for all three adsorption states (α, β1, γ) are nearly the
same (within error). Actually, there is even an opposite trend between
the desorption peak maxima and the desorption energies. Hence, the
difference of the desorption temperatures for the individual adsorptionFig. 14.XPSAu4f7/2 substrate signal change duringheating of the sample, for various initial
HATCN coverages. (a) 0 nm, (b) 0.2 nm, (c) 0.3 nm, (d) 0.5 nm, (e) 0.7 nm, (f) 0.8 nm,
(g) 1 nm, (h) 1.5 nm. Tads: 200 K, heating rate: 1 K/s. The peakmaxima of the correspond-
ing desorption peaks are indicated. (Reproduced with permission from Ref. [43]).
131A. Winkler / Surface Science 643 (2016) 124–137states is mainly determined by the pre-exponential factors. Both the
multilayer peak (α) as well as the second layer peak (γ) exhibit the
large pre-exponential factor expected for large molecules. Surprisingly,
the monolayer peak (β1) shows a very small pre-exponential factor,
usually only observed for small particle desorption (atoms, diatomic
molecules). The following conclusion can be drawn from this result:
At the desorption temperature the partition function of the molecules
in the ﬁrst monolayer is similar to that in the gaseous phase. In other
words, the translational and rotational degrees of freedom are already
highly excited in the adsorbed phase when desorption starts. Apparent-
ly, the activation energy for surface diffusion of the large HATCN mole-
cules on the inert gold surface is very small and the molecules behave
like a two-dimensional gas. Thehighpre-exponential factors for desorp-
tion from the second layer and the bulk phase indicate that only little
excitation of the various degrees of freedom takes place prior to desorp-
tion (with the exception of the translation normal to the surface). This is
the case if the molecules are rather immobile prior to desorption.7. HATCN on Ag(111)
The adsorption/desorption behavior of HATCN on Ag(111) shows
some remarkable differences compared to that on the Au(111) surface.
Up to a mean thickness of 0.24 nm no desorption of HATCN can be ob-
served at all. However, there is clear evidence that HATCN is adsorbed
on the surface. LEED experiments reveal a clear (7 × 7) superstructure
at a coverage of 0.24 nm [47]. This coincides perfectly with STM mea-
surements, which demonstrated that HATCN forms a regular honey-
comb structure at this coverage, which is characterized by a hexagonal
unit cell with a lattice parameter of 2.0 nm, containing two molecules
in the unit cell [42].When heating such a ﬁlm up to 900 K no desorption
of HATCN or other fragments takes place. However, the regular LEED
pattern disappeared upon heating and did not reappear after cooling
to room temperature. It was speculated that during heating a polymer-
ization of the adsorbed and fragmented molecules takes place by
forming paracyanogen, which is stable up to 1100 K [47].
For coverages between 0.24 nm and 0.8 nmmean thickness still no
desorption of intact HATCN can be seen. However, in this intermediate
regime desorption of particles with mass m = 52 amu is observed be-
tween 600 K and 900 K (see Fig. 15). This mass can be attributed to
C2N2. We could verify that this QMS signal is not the cracking mass of
molecules with higher mass. That means that C2N2 stems directly
from fragmentation on the surface. This signal saturates at about
0.8 nmmean thickness.Fig. 15. Desorption traces of mass 52 amu after adsorption of HATCN on Ag(111) at room
temperature, up to 1.12 mean thickness. Heating rate: 1 K/s. No desorption of the intact
molecules was observed in this coverage regime. (Reproduced with permission from
Ref. [47]).The question as to the nature of the adsorbed HATCN layer up to and
at 0.8 nmmean thickness now arises. This thickness corresponds to an
areal density of 2 · 1014 molecules/cm2, or about 3.5 monolayers of
face-on oriented molecules. However, such a conﬁguration can be
ruled out, because in this case at least some of the molecules should
be physisorbed and therefore desorb already in intact form. Additional
experimental investigations using XPS, infra-red spectroscopy and
work function measurements suggested that the molecules above one
monolayer start to change from a face-on conﬁguration to an edge-on
conﬁgurationwith increasing coverage, already at 200K. This reorienta-
tion was furthermore conﬁrmed by DFT calculations [48]. Such a layer
does not favor polymerization into a stable paracyanogen layer up to
the highest applied temperature, instead detachment of fragments can
be possible. Those CN groups pointing away from the surface separate
from the molecule and desorb associatively as C2N2. The reason for the
appearance of two distinct peaks in Fig. 15 is not yet clear. However, as-
sociative cyanogen desorption from Pt(110) also features two desorp-
tion peaks in the same temperature range [49]. Unfortunately, an
explanation for this behavior was not given.
Above a HATCN mean thickness of 0.8 nm, where desorption of cy-
anogen becomes saturated, desorption of intact HATCNmolecules starts
to appear. The corresponding desorption spectra are shown in Fig. 16a
for low coverages and in Fig. 16b for higher coverages.
In Fig. 16a the development of two peaks, designated γ andα′, with
an intensity ratio of about 2:1, can be observed. These two peaksFig. 16. Series of TD spectra for HATCN from Ag(111) after adsorption at 300 K, for the
coverage range 0.88 nm–1.36 nm (a) and 1.36 nm–2.0 nm (b). Heating rate 1 K/s.
(Reproduced with permission from Ref. [47]).
Fig. 17. Thermal desorption spectra of rubicene from clean silicon dioxide for different ex-
posures. Tads=220K, heating rateß=1K/s. The crackingmassm=163 amuwasdetect-
ed. The exposure is given inHz, as determined by a quartzmicrobalance. 1 Hz corresponds
to 0.09 nm. (Adapted with permission from Ref. [50]).
132 A. Winkler / Surface Science 643 (2016) 124–137saturate roughly at a total coverage of 1.36 nm. Based on the coverage of
this layer, corresponding to 0.48 nm, and the 2:1 ratio of the two peaks,
we propose that this layer is composed ofmore strongly bonded face-on
oriented molecules (α′-peak) and of less strongly bonded edge-on ori-
ented molecule (γ-peak), on top of the ﬁrst layer, which is composed
of standing molecules. Such an arrangement of HATCN molecules is in-
deed very likely, because the bulk structure is based on T-stacking [46].
The fact that the 2:1 ratio between γ andα′ is nearly constant through-
out thedevelopment of this layer implies that this layer grows in formof
islands.
However, this second layer is metastable. Just a little additional ma-
terial that evaporated onto this layer leads to a rapid destabilization and
dewetting. This is shown in Fig. 16b, where both desorption peaks
(γ and α′) start to decrease and a new peak, denoted α, increases.
This decrease cannot be seen so nicely for the α′ peak when compared
to the γ peak, but a closer inspection of the trailing edge reveals that
there is not a simple shift of the α′ peak into the α peak. The latter
peak, which does not show saturation, represents of course desorption
from multilayer islands. Thus, in this coverage regime a similar
dewetting behavior takes place as for HATCN on Au(111). Just a little
amount of HATCN in the third layer leads to an energetically unfavor-
able interface, driving the dewetting process. Similar temperature con-
trolled XPS measurements as performed for the HATCN-Au(111)
system revealed an almost identical dewetting temperature of about
350 K [47].
Finally, we have performed calculations of the desorption energy
and frequency factor for the multilayer α-peak. Using a desorption
spectrum of a 6 nm thick ﬁlm (not shown) we calculated a desorption
energy of 1.9 ± 0.1 eV and a frequency factor of 8 · 1018± 1 s−1. For
this calculation we have taken a surface density of 1.8 · 1014 HATCN
molecules/cm2, based on themoleculemass of 384 amu and a bulk den-
sity of 1.6 g/cm3 [46]. This result is in good agreement with the values
obtained for HATCN multilayer desorption from Au(111), as one
would expect.
8. Rubicene on SiO2
So far, we havemainly focused on the adsorption and desorption be-
havior of organic molecules on metal substrates, which can be used as
contact material in organic electronic devices. In addition, dielectric
substrates have to be applied as well, e.g. as gate material in organic
transistors. Although it is desirable to use organic dielectrics too, silicon
dioxide is still a frequently used material as gate dielectric for organic
model transistors. In this paragraph, we report on the adsorption and
initial ﬁlm formation of rubicene on SiO2. Rubicene (C26,H14, m =
326 amu, ρ = 1.39 g/cm3) is a polycyclic hydrocarbon consisting of
ﬁve benzene rings with three linearly fused rings and one benzene
ring at each diagonal side, shown in the inset of Fig. 17. This plate-like
organic molecule again shows some quite intriguing adsorption and de-
sorption features. First, some comments to the silicon dioxide substrate.
The 150 nm thick thermally grown oxide on a 0.6 mm thick Si(100)
wafer has a quite poorly deﬁned surface structure and stoichiometry.
In addition to hydroxyl groups on the surface, carbon is typically ob-
served as contaminant. The carbon can be easily removed by sputtering;
however, repeated heating of the sample results in further carbon seg-
regation. Similarly, repeated adsorption/desorption cycles led to carbon
contamination aswell. Interestingly, the carbon contamination had only
some quantitative inﬂuence on the adsorption behavior; qualitatively it
was the same on a C-contaminated and a sputter-cleaned surface [50].
Therefore, we will only focus on the interaction of rubicene with
sputter-cleaned silicon dioxide.
Fig. 17 shows a set of thermal desorption spectra of rubicene
from clean silicon dioxide, deposited at 220 K and heated with a rate
of 1 K/s. The exposure is given in Hz; according to the calibration with
a quartz microbalance 1 Hz is equal to a mean thickness of 0.09 nm, if
the sticking coefﬁcient is assumed to be one. In this context, we haveto note that the given temperatures in the TD spectra are not the tem-
peratures of the SiO2 surface. The siliconwafer is clamped onto a heated
stainless-steel plate, onwhich the temperature ismeasured (this is nec-
essary for the linear heating regulation). However, one can apply a sim-
ple ﬁrst-order temperature correction (see supplement of Ref. [50]), the
corrected temperatures are also shown in Fig. 17. First, it has to bemen-
tioned that dissociation of rubicene on the clean silicon dioxide surface
is not signiﬁcant in a single adsorption/desorption cycle, contrary to
most metal substrates. Nevertheless, after each adsorption/desorption
cycle the surfacewas again sputtered. For low exposure (2–17Hz) a sin-
gle desorption peak (α) appears at an (uncorrected) temperature of
about 540 K.With increasing coverage, the peak shifts to higher temper-
ature with a common leading edge. This particular desorption behavior
can either be explained as being due to desorption from amixed layer of
condensed 2-dim. islands and a 2-dim. gas phase [29], as already men-
tioned for the system 6P on Au(111), or by attractive forces acting in
the adsorbed layer. We prefer the latter explanation, in particular be-
cause with further coverage increase even a shift of the leading edge
to higher temperature is observed (exposure of 20 Hz and 25 Hz). How-
ever, this layer is metastable; after a small additional exposure (30 Hz)
this desorption state suddenly disappears and a new desorption peak
(ß) at around 650 K appears, which increases with further exposure
and shows zero order desorption kinetics. Accompanying AFM investi-
gations show that this ﬁlm is composed of islands [50]. Apparently, for
low coverage the rubicene molecules are rather weakly bonded.
Increasing the coverage beyond a certain value leads to a sudden
dewetting and island formation, in which the molecules are more
strongly bonded.
In order to quantitatively determine the coverage at which
dewetting sets in one has to calculate the sticking coefﬁcient. For this
purpose we plotted the area of the desorption spectra as a function of
the exposure, as depicted in Fig. 18. This yielded the interesting result
of the sticking coefﬁcient not being equal to one independent of the cov-
erage, as it is frequently assumed and in fact experimentally observed
for many systems. The sticking coefﬁcient, which is proportional to
the slope of the curve in Fig. 18, continuously increases with increasing
coverage. If we assume that the largest slope at high coverage corre-
sponds to a sticking coefﬁcient of one, then the initial sticking coefﬁcient
is just 0.17. A similar small value of s0=0.25wasmeasured for rubicene
on the carbon saturated SiO2 surface. Based on these results, we can es-
timate the coverage of the α peak in Fig. 17, at which dewetting starts,
which turns out to be a layer of about 0.4 nm mean thickness. This
Fig. 18. TDS areas for rubicene desorbed from sputter cleaned silicon dioxide as a function
of the exposed amount, as measured by the quartz microbalance. Adsorption tempera-
ture: 220 K. (Reproduced with permission from Ref. [50], supporting material).
133A. Winkler / Surface Science 643 (2016) 124–137again underlines that, after the formation of onemonolayer of ﬂat lying
molecules, additional molecules cause a destabilization of the layer
followed by immediate dewetting and island formation. A similar be-
havior was observed for rubicene on the carbon covered SiO2 surface,
but the data suggest that in this case dewetting occurs above two layers
of ﬂat lying molecules [50].
Coverage and/or temperature induced dewetting of organic thin
ﬁlms seems to be a quite general feature. In addition to that, one has
to put up the question if exposing a thin organic ﬁlm to air also might
change the morphology of the ﬁlm. This can indeed be the case and
shall be demonstrated for this system. Exposing a C-covered SiO2 sur-
face to 7 Hz of rubicene yields a mean thickness of 0.16 nm and the
ﬁlm desorbs nearly exclusively as α-peak, i.e. from the wetting layer,
as shown in Fig. 19, curve (a). However, when preforming an ex-situ
AFM analysis for this ﬁlmwe see only islands (inset in Fig. 19). Actually,
an integration over all islands shows that all material is contained in the
islands and there is no hint of a remaining wetting layer. This behavior
has to be explained by a dewetting process caused by the exposure of
the sample to air. Such a venting induced dewetting has also been
demonstrated for the system hexaphenyl on mica [51]. Indeed, after
reinstalling the air exposed ﬁlm into the vacuum chamber and
performing a TD experiment after re-evacuation showed a dramatically
different desorption spectrum (Fig. 19, curve (b)). Only desorption inFig. 19. Thermal desorption spectra for a 7Hz rubiceneﬁlmdeposited on C-covered SiO2 at
room temperature directly after deposition (a) and after venting to air and re-evacuation
of the vacuum system (b). The cracking mass m = 163 amu was detected. (Reproduced
with permission from Ref. [50]).form of the ß-peak, i.e. desorption from multilayer islands is observed.
In addition, the total area under the desorption spectrum has decreased
by about 40% after venting, which ismainly due to desorption during air
exposure.
Finally, we have determined the desorption energy and the frequen-
cy factor for multilayer desorption. For this purpose, we have adsorbed/
desorbed a multilayer of rubicene (9 nm) onto the stainless steel plate,
in order to avoid the temperature correction whichwould be necessary
for desorption from the silicon sample. We obtain a desorption energy
of 1.47 ± 0.05 eV and a frequency factor of ν = 3 · 1018 s−1. (See
supporting information of Ref. [50]).
9. Indigo on SiO2
Recently, hydrogen bonded organic material have attracted quite
some interest in the community of organic electronics. One important
example of such a material is the natural dye indigo. It has been
shown that indigo has excellent semiconducting properties and ﬁeld ef-
fect transistors with good performance have been fabricated already
[52]. One interesting feature of such type of organic material is that
they can be part of “green and biodegradable electronics” [53]. Still,
one of the big challenges in this context is the creation of well-deﬁned
thin ﬁlms. Therefore, we have studied the adsorption and desorption
behavior of indigo on silicon dioxide surfaces in some detail.
Indigo (C16H10N2O2, m = 262 amu, density ρ= 1.50 g/cm3) shows
very low solubility, due to the strong intermolecular hydrogen bonds,
and thepreferredmethod ofﬁlm formation is physical vapor deposition.
In comparison to the adsorption/desorption behavior of rubicene on sil-
icon dioxide some similarities can be observed, in particular the
dewetting of a weakly bound monolayer into a more strongly bound
multilayer phase. On the other hand there are also peculiar differences.
In particular, indigo shows a very different initial growth behaviorwhen
adsorbed on clean and carbon covered silicon dioxide. As described be-
fore, several adsorption/desorption cycles on a clean substrate lead to a
carbon saturated surface which is then stable against further decompo-
sition of indigo [54].
A set of thermal desorption spectra of indigo from carbon covered
silicon dioxide in the low coverage regime is shown in Fig. 20. Both
the measured and the corrected temperatures are depicted (see
supporting information of Ref. [54]). A quartz frequency change of
1 Hz corresponds to an exposed amount of 0.08 nm mean thickness.
The evaluation of the adsorbed amount versus the exposed amount re-
veals that the sticking coefﬁcient is constant over awide coverage rangeFig. 20. Thermal desorption spectra of indigo from carbon-covered silicon dioxide for dif-
ferent exposure. The crackingmassm=76 amuwas detected. 1 Hz equals 0.08 nm indigo.
Tads=220K, heating rateβ=1K/s. The chemical structure of indigo is shown in the inset.
(Adapted with permission from Ref. [54]).
Fig. 22. (a) Schematics of a single indigo molecule bonded to the silicon dioxide substrate
via hydrogen bonds. (b) Suggested dimer formationwith intermolecular hydrogen bonds,
hereby weakening the bonding to the substrate.
134 A. Winkler / Surface Science 643 (2016) 124–137[54]. Thus, we assume that the sticking coefﬁcient is one for indigo on
C-covered silicon dioxide. Up to a coverage of 0.08 nmmean thickness
a single peak is observed, denoted asα-peak, at a corrected temperature
of 290 K. With further exposure this peak decreases and a new peak,
denoted ß-peak, appears at a corrected temperature of about 350 K.
Above coverages of about 1 nm the α-peak has totally disappeared
and the ß-peak increases with further exposure, showing typical signs
of zero-order desorption. Evaluation of the multilayer spectra as usual
yields a desorption energy of 1.67 ± 0.05 eV and a frequency factor of
1 · 1022 s−1 [54]. The transformation of the α-peak into the ß-peak is
again a clear indication of a coverage dependent dewetting from a
weakly bound ﬁrst layer into a multilayer phase in which themolecules
are more strongly bound. The interesting point in this case is that the
dewetting process already starts at a coverage of about a ¼ monolayer
of ﬂat lying molecules.
The situation is quite different for the adsorption of indigo on a
sputter-cleaned substrate. (Again, in this case the surface was sputter-
cleaned after each adsorption/desorption cycle.) A set of TDS is shown
in Fig. 21. In this case, for coverages of up to 0.16 nm (2 Hz) no indigo
desorbs at all. The molecules rather decompose on the surface upon
heating. However, with further exposure, the α-peak appears and
reaches a maximum at a coverage of about 0.48 nm (6 Hz) before it dis-
appears again and thematerial desorbs at higher temperature in form of
the ß-peak. Although the latter behavior seems to be similar to that as
observed for the carbon-covered surface, there exists an intriguing
difference. This becomes evident when examining the coverage-
exposure relationship in more detail, as shown in the inset of Fig. 21.
When increasing the exposure in a quite narrow range above 0.16 nm
suddenly the material, which did not desorb at all below this coverage,
desorbs nearly completely. Further inspection of the coverage–
exposure relationship reveals a linear behavior above 3 Hz (0.24 nm),
thus, we can again safely assume that the sticking coefﬁcient is one, in-
dependent of the coverage. The extrapolation of this line yields an inter-
cept with the x-axis at about 1 Hz (0.08 nm), indicating the amount of
decomposed indigo after each adsorption/desorption cycle. Neverthe-
less, the strange desorption behavior in the coverage range around
0.2 nm seems to be a puzzle.
Within our current understanding we describe the ﬁlm formation
and desorption behavior on the sputter cleaned surface as follows: Ini-
tially, single molecules adsorb on the surface and form chemical bonds
that are so strong, that no desorption occurs. One contribution to the
strong bonding can be attributed to hydrogen bonds between the ﬂat
lying indigo molecules and the substrate (Fig. 22a). As soon as a certainFig. 21. Thermal desorption spectra of indigo from sputter-cleaned silicon dioxide for dif-
ferent exposures. The crackingmassm=76 amuwas detected. Tads= 220 K, heating rate
β= 1 K/s. The coverage–exposure relationship is shown in the inset. (Adapted with per-
mission from Ref. [54]).coverage threshold of about 0.2 nm mean thickness is reached, the
probability of newly impinging molecules to land on top or in the vicin-
ity of already adsorbedmonomers becomes high enough, for a structur-
al re-orientation to take place. We suggest, that dimers are formed,
where each indigo molecule establishes hydrogen bonds to another in-
digo molecule. These dimers are now more weakly bonded to the sub-
strate due to the newly created hydrogen bonds between the active
groups in the dimer. Situations where adsorbed molecules rearrange
and form dimers with speciﬁc H-bonding interactions, thus causing in-
creased diffusion on the surface have indeed been reported in the liter-
ature [55,56]. Similarly, the formation of porphyrin dimers on Cu(111)
with increased diffusivity has been demonstrated by high resolution
STM [57].With our experimental capabilities we can of course not pres-
ent any evidence as to the type of the dimer or multimer formation, but
we do suggest a parallel π-stacking conﬁguration where one molecule
lies on top of another molecule with reversed handedness (Fig. 22b).
At a coverage above 0.5 nmmean thickness dewetting sets in and island
formation takes place again, similarly to that on the carbon covered
silicon oxide surface. The signiﬁcantly higher saturation coverage of
the α-state is due to the dimer formation.
10. Summary and conclusions
The investigation of adsorption, desorption and initial ﬁlm growth
for a variety of organic molecules reveals, on the one hand, a manifold
of features which are very speciﬁc for the individual systems, but on
the other hand allows also for making some very general statements
on the interaction of organic molecules with solid surfaces. It is obvious
that for a comprehensive characterization of organic ﬁlm growth (struc-
ture, morphology, energetics, kinetics) many analytical tools have to be
applied. However, in this article I wanted to emphasize the power of
thermal desorption spectroscopy, in particular to elucidate the kinetics
and energetics of organic thin ﬁlm formation. In order to complete
and support the gained results, in-situ XPS, LEED and work function
measurements, as well as ex-situ AFM and XRD were applied.
Unfortunately, the dream of many users, in particular of the organic
electronic community, to be able to fabricate perfect layer-like organic
thin ﬁlms (Franck-Van der Merwe growth) can hardly be fulﬁlled.
Based on the experimental results of this work and also based on
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ferent scenarios for the ﬁlm growth of elongated and plate-like organic
molecules. In the ﬁrst scenario the substrate is very reactive (e.g. Au, Ag,
other cleanmetal surfaces, freshly cleaved mica) and the organic mole-
cules ﬁrst adsorb ﬂat on the surface by forming a strongly bound wet-
ting layer, above which the multilayer ﬁlm grows in the form of
islands (Stranski–Krastanov growth). The ﬁrst layer typically acts as a
template for the thicker (multilayer) ﬁlm, which means that the ar-
rangement of the molecules in this layer already depends on the bulk
structure. For example, the rod-like organic molecules p-quaterphenyl
and p-sexiphenyl crystallize in the herringbone structure, where in
the bulk along a speciﬁc net plane ﬂat-on and side-on molecules are ar-
ranged next to each other, layer by layer [64]. Consequently, when these
molecules form a saturated wetting layer, this layer is also composed of
ﬂat-on and side-on oriented molecules, which exhibit different adsorp-
tion energies. Hence, a double peak is observed in the desorption spec-
trum. For the face-on oriented molecules (1st half monolayer) some
charge transfer may take place, which leads to dipoles normal to the
surface. Thus, repulsive forces act between nearby adsorbed ﬂat-lying
molecules, leading to a shift of the desorption peaks to lower tempera-
tureswith increasing coverage. Another consequence of this repulsion is
that in the sub-monolayer regimeno islanding is observed.With further
exposure, additional molecules squeeze in between the ﬂat-on oriented
molecules and take a side-on conﬁguration. In this case, (attractive)
quadrupole forces can be active leading to a more compact layer. Fur-
ther molecules impinging on the wetting layer experience a rather
unreactive surface. The monomers are very mobile on this wetting
layer and dipole repulsion is negligible. Therefore, layer growth will
ﬁrst proceed in form of 2D and subsequently of 3D islands. The mole-
cules will be incorporated in these islands again with their long axes
parallel to the surface, either ﬂat-on or side-on, depending on the orien-
tation of the underlyingmolecules. XRD investigations show that the 3D
islands are not only perfect crystals, but also that the crystals are orient-
ed in such a way that the net-planes parallel to the surface are com-
posed of face-on and side-on oriented molecules. In the case of a
Au(111) surface these are the 4P(211), 4P(311) [13] and 6P(21-3)
planes [30]. In addition, as there exists also azimuthal alignment, the
growth of organicmolecules on single crystalmetal surfaces can typical-
ly be described as epitaxial growth. Since the diffusion probabilities of
the monomers on the wetting layer depends on the diffusion direction
and, furthermore, the incorporation probability of the approaching
monomers in the existing islands, which in turnmay depend on the rel-
ative orientation, the growing islands are typically of elongated shape. A
special case is the system 6P on mica(001), where extreme length/
width aspect ratios of more than 100 can be observed [36]. In thermal
desorption spectroscopy the desorption peak corresponding to themul-
tilayer islands appears at lower temperature than that of themonolayer.
In the second scenario, the surface is quite unreactivewith respect to
the organic molecules. Examples are carbon coveredmetal surfaces, sil-
icon dioxide or amorphous mica. On such surfaces, the monomers are
again ﬂat-lying, but weakly bound and very mobile. If several diffusing
monomers encounter each other, they may form a super-critical cluster
by reorientation into an energetically more favorable arrangement and
these clusters, composed of standingmolecules,will growby incorpora-
tion of further monomers (diffusion-limited aggregation [65,66]). In
this case, no stable monolayer exists (Vollmer–Weber growth). With
thermal desorption spectroscopy only a single desorption peak is
observed, which stems from 2D or 3D islands. Examples are 6P on
C-covered mica [36] and 6P on KCl(001) [67]. XRD shows that for the
rod-likemolecules,which crystallize in a herringbone structure, the cor-
responding islands are typically composed of crystals with the (001)
plane parallel to the substrate surface, i.e. the molecules are oriented
nearly normal to the surface. The morphology of the islands resembles
aztec pyramids with round or dendritic footprints [68]. Due to this
type of ﬁlm formation, again no layer-by-layer growth on the large
scale can be achieved.Besides these two scenarios (formation of a strongly bound wetting
layer or nowetting layer formation at all)we observed several scenarios
somewhere in between, where the formation and stability of one
(or several) wetting layers depends on the coverage and temperature.
All molecules showing these features in our work are of plate-like
character. In the bulk phase these molecules typically crystallize by
T-stacking with some contributions of π-stacking. One can easily antic-
ipate that in the sub-monolayer regime the molecules will adopt a ﬂat-
on conﬁguration, which might even be the case for additional layers
(due to dipole and π–π interaction), until T-stacked island structures
become, due to quadrupole interactions, energetically more favorable.
Such a phase transition has to be accompanied by a dewetting process.
Indeed, dewetting, which is governed by coverage and temperature, is
one of the crucial processes involved in the early stages of organic ﬁlm
growth [53,69]. This is probably one of the most undesirable features
when it comes to application of such ﬁlms in organic electronic devices.
A prime example showing the above described features is the plate-
like molecule HATCN, deposited on Au(111) [43] and Ag(111) [47]. On
Au(111) ﬁrst a monolayer of strongly bound ﬂat lying molecules de-
velops. The corresponding desorption spectra show a decrease of the
peakmaximawith increasing coverage, again indicative of repulsive di-
pole forces between the adsorbed molecules. Further exposure leads to
a second layer of ﬂat-lyingmolecules. The binding energy of these mol-
ecules to the underlying molecules is much lower than that of the ﬁrst
layer and dipole repulsion is negligible, manifested in a sharp desorp-
tion peak at lower temperature. Further coverage increase would lead
to ﬂat-lying molecules in the third layer. However, this conﬁguration
(pure π–π stacking) is energetically unfavorable. Thus, nucleation cen-
ters of T-stacked clusters form in which the weakly bonded molecules
in the second layer become incorporated by dewetting.With further ex-
posure islands grow on top of the ﬁrst monolayer. The situation is even
more complex when HATCN is adsorbed on the more reactive Ag(111)
surface. In this case, the molecules in the ﬁrst wetting layer are so
strongly bonded that they cannot be desorbed. With increasing cover-
age, however, these molecules reorient and a layer of standing mole-
cules is formed [48]. Molecules in this layer can also not be desorbed
in intact form, but C2N2 desorption is observed. Further exposure
leads to a metastable layer on top of the ﬁrst layer, composed of ﬂat-
on and side-on oriented molecule. This molecule arrangement antici-
pates already the T-stacked bulk structure. Finally, adsorbed molecules
in the third layerwill initiate critical 3D T-stacked clusters,which induce
rapid dewetting of the second layer, accompanied by 3D island growth.
In the above described systems the ﬁrst layers were quite strongly
bound and partial or full dewetting proceeded upon coverage and/or
temperature increase. Another intermediate scenario can be observed
on rather inert substrates, e.g. on silicon dioxide. Both, rubicene [50]
and indigo molecules [54] adsorb in the sub-monolayer regime ﬂat on
the substrate, but exhibit a very low adsorption energy. Nevertheless,
below a critical coverage this adsorbed phase is stable and no dewetting
takes place. However, above a critical coverage suddenly dewetting sets
in and 3D islands develop. Since the binding energy of the molecules in
the (typically T-stacked) 3D islands is larger than between the mono-
mers and the substrate surface, desorption of the multilayer proceeds
at higher temperature than for the (sub)-monolayer. The critical
dewetting coverage depends on the system.While this critical coverage
is about 1 monolayer for rubicene on SiO2 it was observed to be about 2
monolayers on C-covered SiO2. On the other hand, for indigo dewetting
starts already at 0.25ML on a C-covered SiO2 surface, but above 1ML on
a sputter-cleaned surface.
A further potential of thermal desorption spectroscopy in the con-
text of organic molecule adsorption and desorption is the capability to
determine possible cracking processes during sample heating. The
most frequently observed process is the decomposition of the ﬁrst
layers on reactive substrates, leading to a more or less carbon covered
inert substrate. This decomposition, which is accompanied by hydrogen
desorption, typically takes place at temperatures just above the
136 A. Winkler / Surface Science 643 (2016) 124–137desorption temperature of the monolayer. In the case of 4P and
6P adsorption on gold surfaces we observed that, in addition to com-
plete decomposition, also partial decomposition, followed by cyclo-
dimerisation, leads tomore stable polycyclic hydrocarbons,which even-
tually decompose at even higher temperature [27,32]. Another example
is the partial decomposition of side-on oriented HATCN molecules on
Ag(111), which was accompanied by desorption of C2N2 [47].
Finally, TDS is the method of choice to get information on the ad-
sorption and desorption kinetics. It is frequently assumed that organic
molecules adsorb with a sticking coefﬁcient of one on most substrates
at room temperature and below. However, we could ﬁnd several ad-
sorption systemswhere a signiﬁcantly smaller initial sticking coefﬁcient
was observed (e.g. s0 = 0.17 for rubicene on SiO2 [50]). Without going
into details, our observations suggest that for ﬂexible molecules
(phenylenes) the initial sticking coefﬁcient is close to one, while for
stiff molecules (rubicene, pentacene) the initial sticking coefﬁcient can
be signiﬁcantly smaller than one.With increasing coverage, sticking ap-
proaches the value of one in all cases. Several reasons for the low initial
sticking and the increased sticking with coverage for stiff molecules can
be suggested: (a) Stiff rod-like molecules approaching the (clean) sur-
face head-on may not be able to rotate into the parallel adsorption ge-
ometry within the interaction time. (b) On the clean, stiff SiO2 surface
less kinetic energy can be transferred than on a surface already covered
with soft matter, where low energy vibrational modes can be excited.
(c) The impinging molecules may enter a precursor well where they
can migrate over the surface for some time, before they desorb. At al-
ready adsorbed molecules or clusters they may be able to lose enough
energy to become adsorbed. Unfortunately, there exists nearly no liter-
ature which addresses these issues for large organic molecules from a
theoretical point of view, e.g. by molecular dynamics or Monte Carlo
simulations. One can hope that the increasing number of quantitative
experimental data and the ever-increasing computational power will
encourage theoreticians to look in more detail into the fascinating
issue of organic molecule adsorption.
Similarly, desorption of large organic molecules is only unsatisfacto-
rily understood, and little theoretical work exists in this context [23,24].
In particular, desorption from the ﬁrst (wetting) layers can be a quite
complicated process. Since for large organic molecules many more de-
grees of freedom can be excited during desorption, than for small
molecules or atoms, the desorption rate is to a much greater extent in-
ﬂuenced by the entropic term than by the energetic term. Simple
methods to estimate the desorption energy just from the maximum of
the desorption peak (e.g. by the Redheadmethod [11]) can be verymis-
leading. More reﬁned methods, e.g. by variation of the heating rate
might result in more reliable results. On the other hand, desorption
from the multilayer islands typically exhibit very clear zero-order de-
sorption characteristic, and from quantitative TDS both, the desorption
energy and the frequency factor, can be derived via the Polanyi–Wigner
equation. One characteristic feature observed for desorption of all or-
ganicmolecules is the very large frequency factor; typicallymuch larger
than the “classical” value of 1013 s−1. A compilation of the frequency
factors and desorption energies (heat of evaporation) calculated for
multilayer desorption of the molecules investigated in this article is
given in Table 1. The values for the frequency factors vary between
1018 s−1 and 1026 s−1. Meanwhile, such large frequency factors forTable 1
Compilation of desorption energies and frequency factors for multilayer desorption of the
molecules investigated in this work.
Molecule Formula Desorption energy [eV] Frequency factor [s−1]
Quaterphenyl C24H18 1.5 2 · 1021
Sexiphenyl C36H26 2.4 6 · 1025
HATCN C18N12 1.8 1 1019
Rubicene C26H14 1.5 3 · 1018
Indigo C16H10N2O2 1.7 1 · 1022large organic molecule desorption have been reported in the literature
several times [70,71]. The reasoning behind that is well understood by
now. According to the transition state theory (TST) the frequency factor
depends on the entropy change during desorption. i. e. on the ratio of
the partition function in the transition state (which corresponds to
the free state for non-activated adsorption) and the adsorbed state
[19,21,22]. For large molecules the partition function is due to the
many rotational and vibrational degrees of freedom much larger than
for the adsorbedmolecule, where only frustrated translations, rotations
and vibrations exist.
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